Grain legume consumption has been linked in meta-analysis studies to decreased risk of metabolic syndrome, obesity, and cardiovascular diseases; however, the evidence for a chemo-protective effect of grain legume consumption against colorectal tumorigenesis has been considered inconclusive. We conducted a meta-analysis of human and animal studies to evaluate the effect of grain legume consumption on colorectal cancer (CRC) and its precursors. Twelve case-control studies (42,473 controls and 12,408 cases) and 11 prospective cohorts (1,533,527 participants including 12,274 cases) were included in the meta-analysis; the pooled risk ratio (95% confidence interval) for the highest versus the lowest legume intake group based on a random effects model was 0.72 (0.60-0.89) for incident adenoma, 0.91 (0.84-0.99) for prevalent adenoma, and 0.82 (0.74-0.91) for CRC. Fourteen animal studies (355 animals on grain legume diets and 253 animals on control diets) were included in the meta-analysis and showed in all but one study a chemo-preventive effect against colorectal tumorigenesis. Grain legumes contain various compounds (e.g., resistant starch, soluble fiber, insoluble fiber, phytosterols, saponins, phytates, flavonoids, proanthocyanidins, and phenolic acids) that have been shown to inhibit colorectal tumorigenesis in animal studies at concentrations that are relevant for human diets. Grain legume consumption alters several molecular pathways (e.g., p53, mTOR, NF-kB, Akt, and AMPK) that are critical for tumor induction, promotion, and progression. Based on our meta-analysis, daily grain legume consumption confers chemo-preventive effects against CRC.
Introduction
Grain legumes (i.e., pulses) are defined as plants belonging botanically to the family Leguminosae, which are harvested as dry seeds for food consumption [1] [2] [3] . Grain legumes are behind cereal grains the most common food crop worldwide; the primarily grown grain legumes are in the order as follows: dry beans (e.g., pinto, navy, red kidney, lima, butter, white, and black beans; Phaseolus and Vigna ssp.), chick peas (i.e., garbanzo beans; Cicer arietinum), dry peas (e.g., garden peas; Pisum sativum), dry cow peas (Vigna unguiculata), lentils (Lens culinaris), and dry broad beans (e.g., horse beans; Vicia faba) [3] [4] [5] . Beans are oval or kidney shaped, peas are round, and lentils are flat. Grain legumes have served as staple foods in many cultures around the globe, as they can be grown relatively inexpensively in various climate zones and have a health-promoting nutrient profile, that is, they are a good dietary source of protein, rich in fiber and folate, and very low in saturated fatty acids, cholesterol, and sodium [6] [7] [8] .
Grain legume consumption dramatically decreased in westernizing countries [9] and is in the U.S., similar to other Western countries [10, 11] , on average low (12.9 g/d) and infrequent (only 8 and 14% consumed grain legumes daily or every other day) [6, 12] . Given the healthpromoting properties and nutrient profile of grain legumes and the growing interest in ethnic, gluten-free, and vegetarian cuisine in Western countries, increasing grain legume consumption represents an important public health opportunity for chronic disease prevention.
A research focus is the use of legumes for cancer prevention, specifically colorectal cancer (CRC) [4] . Globally, CRC is the third most common cancer in men and the second most common in women [13] . Two recent A meta-analysis study reported a protective effect of legume consumption for colorectal adenomas (CRAs) in case-control and cohort studies (combined odds ratio (OR) = 0.83; 95% confidence interval (CI): 0.75-0.93) and CRC in cohort studies (OR = 0.91; 95% CI: 0.84-0.98) [14, 15] . Both meta-analysis studies, however, included studies in which participants consumed legumes primarily as soy products (i.e., studies conducted in China, Japan, Malaysia, and South Korea), as opposed to grain legumes (i.e., studies conducted in Africa, North and South America, and Europe). Moreover, the metaanalysis of CRC showed a protective effect for soybeans (OR = 0.85; 95% CI: 0.73-0.99) but not for other beans (OR = 1.00; 95% CI: 0.89-1.13) [15] . A third meta-analysis study published in 2010 reported no statistically significant association between legume fiber consumption and CRC in four prospective U.S. and European studies combined (OR = 0.89; 95% CI: 0.78-1.02) [16] .
The objective of this chapter is to evaluate the evidence of a chemo-preventive role of grain legume consumption in colorectal tumorigenesis in human (ecological, case-control, and cohort studies) and animal studies by conducting a literature review and meta-analyses. The goal is to suggest areas of future research and provide up-to-date scientific evidence for dietary recommendation of legume consumption.
high-quality designs. Evidence from animal and cell culture studies was taken into account to demonstrate plausible mechanism for diet and cancer association. Based on the evidence, an individual food, food group, or individual nutrient was classified for each cancer site as "convincing", "probable", "limited-suggestive", or "limited-no conclusion" decreases the risk or increases the risk [34] .
In 2007, the panel classified red and processed meat consumption as convincingly increases CRC risk, whereas calcium and foods containing fiber were classified as probably decreases CRC risk, and selenium and foods containing folate were classified as limited-suggestive evidence for decreasing CRC risk [34] . No conclusion was made for legumes and CRC risk because of the limited data available in 2007 [34] . As in the last 8 years more data have been collected, we reevaluate in this chapter the evidence on the relation between grain legume consumption and CRC risk. We hypothesized a protective effect of grain legume consumption on CRC risk because grain legumes are an excellent dietary source of fiber (5.7-9.0 g/100 g of cooked legumes) and folate (83-174 μg/100 g of cooked legumes) [7] , both of which were classified as decreasing CRC risk in 2007 [34] .
Grain legumes and colorectal neoplasia in human studies
Ecological studies examine the association between diet and disease on the population level; five studies evaluated the relation between legume intake and risk of CRC incidence or mortality on the population level and observed inconsistent relations [9, [37] [38] [39] [40] . Correa reported that countries with higher bean consumption in 1964-1966 had lower colon cancer mortality rates 7-9 years later (r = −0.68) [40] . Similarly, Bejar et al. stated that the decrease in legume consumption between 1960 and 1990 coincided with an increase in CRC incidence and mortality rates 10 years later in Spain [37, 39] . In follow-up studies, Bejar et al. extended the analysis to 15 European and 13 non-European countries [9, 38] . Whereas the strong inverse relation between legume intake and CRC incidence rates held true for some countries (i.e., Norway, Spain, Germany, and France), other countries (i.e., Australia, Italy, and Colombia) had positive relations, as a result of a slight increase in legume consumption between 1965 and 2005. Thus, changes in legume consumption alone cannot explain the temporal changes in CRC incidence rates; rather, changes toward a Western diet were associated with an increased CRC risk (depending on country of origin, adoption of a westernized diet either increased or decreased grain legume consumption). In support, Monroe et al. reported in a migrant study that an increase of CRC incidence rates (men: 85%; women: 95%) coincided with a 46% decrease in dry bean or pea consumption (57.0-26.6 g/d) from first-to second-generation Mexico-born U.S. Americans in the Multiethnic Cohort Study [41] , and Haentzel et al. showed a detrimental effect of grain legume consumption on CRC incidence in Japan-born Hawaiian [42] .
In case-control studies, participants with (cases) or without (controls) a disease recall their diet. Besides recalling a diet from past years, participants try to make sense of their disease outcome based on their lifestyle choices. Thus, foods and food groups that have been known to be associated with disease outcomes by the public are often erroneously associated with the disease outcome (i.e., selective reporting bias). Nineteen peer-reviewed publications (46,769 controls and 14,567 cases; two studies had each two publications [43, 44] and [45, 46] ) evaluated in 17 case-control studies the relation between legume consumption and colorectal neoplasia; six studies reported prevalent adenomas as endpoint [47] [48] [49] [50] [51] [52] and 11 studies reported carcinomas as endpoint [42] [43] [44] [45] [46] [53] [54] [55] [56] [57] [58] [59] [60] (Table 1) . Most case-control studies were from the U.S. (n = 8), five were from Europe, two were from South America, and one each from Australia and Jordan. Risk estimates specific to the intake of legumes (including soybeans and their products), grain legumes, and grain legume fiber were reported in six, 11, and two case-control studies, respectively. Gender-specific risk estimates were reported in five case-control studies, and cancer-site-specific risk estimates were reported for colon and rectum in seven and four casecontrol studies, respectively. Half of the studies showed a protective legume effect on CRA ( Table 1) , one of which was statistically significant [50] . A distinct clustering was observed for CRC. Seven of 11 case-control studies had significant risk estimates of 0.5 or lower [45, 46, 50, 53, 55, 56, 59, 60] ; three of the six low-risk estimates were from women and, for the remaining three, no gender-specific risk estimates were reported. In contrast, the risk estimates of the other studies were around 0.9 ( [7] . Table 1 . Description of retrospective case-control studies of grain legume consumption and colorectal neoplasia. Meta-analysis using a random effects model of natural log odds ratios (OR) in STATA was possible for 12 case-control studies [46-52, 55-57, 59 , 60] that included 12,408 cases and 42,473 controls. We had to exclude the four oldest case-control studies [42, 53, 54, 58] because the 95% CIs were not reported and two case-control studies [43, 44] provided only estimates of individual grain legumes. We checked for heterogeneity of estimates, influential risk estimates, and publication bias using funnel plots and Egger's method. When comparing the highest versus the lowest legume intake group, we observed a protective effect of legume consumption on CRA (relative risk (RR) = 0.93; 95% CI: 0.84-1.03; P = 0.15) and CRC (RR = 0.65; 95% CI: 0.54-0.77; P <0.001). There was moderate heterogeneity (30.2%) among studies for CRC risk (P = 0.17), but <0.01% for CRA risk. The range of risk estimates was 0.56-0.65 for CRC after removing one study at a time. No significant publication bias was observed (P = 0.11). The heterogeneity among CRC risk estimates could be explained by gender-specific differential dietary recalls ( Figure 1) ; the protective effect of legume consumption on CRA was in men, RR = 0.79 (95% CI: 0.84-1.03; P = 0.10; <0.01 heterogeneity), in women, RR = 0.49 (95% CI: 0.34-0.69; P <0.0001; <0.01% heterogeneity), and intermediate RR = 0.67 (95% CI: 0.48-0.93; P = 0.02; 63.1% heterogeneity) in studies that did not provide gender-specific estimates.
In prospective cohort studies, dietary information of cohorts or groups of healthy individuals at the time of study recruitment is linked to subsequent disease outcomes. We evaluated the relation between legume consumption and colorectal neoplasia in 15 peer-reviewed publications from 11 prospective cohorts (1,621,519 participants with 13,546 cases), 11 reported cancer as endpoint [61] [62] [63] [64] [65] [66] [67] [68] [69] [70] [71] and the remaining four studies reported incident and/or prevalent adenomas as endpoint [72] [73] [74] [75] (Table 2 ). All, except for two European cohorts, were U.S. cohorts. Risk estimates were reported for men in six and for women in eight prospective cohorts. Risk estimates specific to colon and rectum were reported in two and one cohorts, respectively. Risk estimates specific to the intake of legumes, legume fiber, grain legumes, and grain legume fiber were reported in three, three, three, and two cohorts, respectively. Two cohorts (Adventist Health Study and Polyp Prevention Trial) showed significant protective effects of grain legume consumption [69, 72, 75] . Four cohorts (Breast Cancer Detection Demonstration Project, Women's Health Study, Multiethnic Cohort Study, and NIH-AARP Study) showed a protective effect on CRC risk, the effect was statistically significant in some statistical models in the latter three cohorts [63, 64, [66] [67] [68] . Two cohorts (Nurses' Health Study and Health Professionals' Follow-up Study) showed a protective effect of legume consumption for CRA only [65, 73, 74] . For the meta-analysis, we had to exclude the CRC risk estimates of two cohorts because the risk estimates did not include 95% CI [65] , leaving us with 1,533,527 participants including 12,408 cases. When comparing the highest versus the lowest legume intake group, we observed, as shown in Figure 2 , a protective effect of grain legume consumption on colorectal neoplasia (RR = 0.89; 95% CI: 0.59-0.88; P = 0.001). The protective effect attenuated from incident CRA (RR = 0.72; 95% CI: 0.60-0.87; P <0.001) over prevalent CRA (RR = 0.87; 95% CI: 0.75-1.01; P = 0.07) to CRC (RR = 0.93; 95% CI: 0.86-1.01; P = 0.08). There was little heterogeneity (18.3%) among studies, which was further decreased after stratifying for neoplastic endpoint ( Figure  2) . No significant publication bias was observed (P = 0.13). We observed a nonlinear relationship between legume consumption and colorectal neoplasia, as the protective effect of legume consumption for incident CRA ( Table 2 ) was limited to the highest legume intake group, which corresponds to daily consumption of at least 0.5 servings of legumes (~45 g/d). In comparison, the 2015 U.S. dietary guidelines recommend three servings/wk (~39 g/d), which is lower than six servings/wk of the 2005 guidelines [7, 76] . Our risk estimates ( Pooled risk estimates with 95% confidence intervals in parentheses compare risk of developing colorectal cancer/ adenoma of the highest versus the lowest grain legumes intake group. Study number will not add up to overall number because for overall study we used most combined risk estimates available. Eggers P-value indicates probability for publication bias. The next step needs to be a long-term intervention study of daily grain legume consumption in a high CRC risk cohort. Dietary compliance will be a major challenge in Western countries because <10% of the population consumes grain legumes on a daily basis [6, 10, 11] . Moreover, it is much easier to take a daily supplement or a medication than consuming a chemopreventive diet. At the same time, it is unrealistic to expect a chemo-preventive effect of a food, supplement, or medication when it is sporadically consumed. We previously identified markers of dietary compliance for grain legume consumption in human and animal studies [77] , which allows for compliance monitoring. Intention-to-treat analysis, the gold standard for statistical evaluation of intervention studies, assumes high compliance. Statistical methods that account for dietary exposure markers and low compliance are needed when evaluating the evidence from dietary intervention studies.
Grain legumes and colorectal neoplasia in animal studies
As shown in Table 4 , 14 animal studies evaluated the effect of grain legume consumption on colorectal tumorigenesis using 253 animals (248 males and five females) on control diets and 355 animals (350 males and five females) on 19 different grain-legume-containing diets [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] [89] . Eight diets contained whole dry beans, seven contained dry bean fractions (three fiber factions, three ethanol extract, and one ethanol extract residue); two diets each contained lentils or chickpeas, and one diet each contained black-eyed peas or dry peas. In three studies, the animals were intragastrically tubed with dry beans and/or dry bean fiber [85, 87] , whereas in the remaining 11 studies grain legumes or their fractions were included in the diet. Ten studies were conducted with rats and four with mice. All but one study [79] used azoxymethane (AOM), which is commonly used in animal models of human CRC to induce DNA mutations by alkylating DNA primarily at the O 6 -guanidine residues [90, 91] . After AOM induction, we promoted tumor formation in two unpublished studies with the colon irritant dextran sodium sulfate (DSS); this is an established inflammation-associated animal model of human CRC [92] . Bean treatment started before tumor induction in nine studies, after tumor induction in three, and after tumor induction and promotion in two studies. Study endpoints were ACF in seven studies, adenomas and adenocarcinomas in five, and tumors in two studies. ACF AOM: azoxymethane; BW: body weight; DMH: dimethylhydrazine; DSS: dextran sodium sulfate. ACF were measured using methylene blue staining unless otherwise noted. Table 4 . Experimental design and endpoints in animal studies of grain legume intake and colorectal tumorigenesis.
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Grain Legume Consumption Inhibits Colorectal Tumorigenesis: A Meta-Analysis of Human and Animal Studies http://dx.doi.org/10.5772/63099 Table 5 shows individual and pooled risk estimates of the seven studies with tumor endpoints. For calculating risk estimates of tumor and ACF multiplicity, we calculated standardized mean differences and variation from reported means and standard errors. Grain legume consumption inhibited colorectal tumorigenesis. The protective effect of dry bean consumption attenuated with progressive tumor stage from tumor incidence (OR = 0.21; 95% CI: 0.11-0.43) over combined adenoma and adenocarcinoma incidence (OR = 0.32; 95% CI: 0.17-0.60) to adenocarcinoma incidence (OR = 0.38; 95% CI: 0.20-0.74). Similarly, the protective effect of grain legume consumption attenuated from ACF multiplicity (OR = 0.07; 95% CI: 0.03-0.14 with stronger effect on larger ACFs; Table 4 ) over tumor multiplicity (OR = 0.24; 95% CI: 0.16-0.36) to combined adenoma and adenocarcinoma multiplicity (OR = 0.52; 95% CI: 0.31-0.89) and adenocarcinoma multiplicity (OR = 0.52; 95% CI: 0.27-0.98; P = 0.04). Given that the chemopreventive effect of legumes was reported when grain legumes were fed before as well as after tumor induction and/or tumor promotion, we conclude that grain legumes inhibit colorectal tumorigenesis at different tumor stages. For multiplicity, odds ratios and their 95% confidence intervals were estimated from reported means and standard errors by calculating standardized mean differences. B: bean; BEE: bean ethanol extract; BER: bean ethanol residue; W: whole beans; multiplicity: number of tumor/animal. The P-values are in this order from left to right: P=0.004; P = 0.04; P< 0.001; P = 0.02; P< 0.001; P< 0.001 Table 5 . Risk estimates with 95% confidence intervals (in parentheses) for colorectal tumors in animal studies.
Grain Legumes
The animal studies have limitations: first, in four of the seven tumor endpoint studies, grain legumes made up the majority of the diet (45-75%; Table 4 ) [78] [79] [80] 82] , concentrations that are not relevant for human consumption. However, three studies showed a protective effect of the ethanol extract of navy beans fed at 10% of the diet (Table 4) ; the 2015 U.S. dietary guidelines for legume consumption are equivalent to ~2-5% of the diet [76] , concentrations that should be evaluated in future animal studies. Second, none of the reported studies included more than one grain legume dosage (Table 4) , demonstrating a need for dose-response studies in animal CRC models. Third, only one study examined the chemo-preventive effect of grain legumes other than dry beans at the tumor stage (Table 4) , indicating a need to evaluate the chemopreventive effect of other grain legumes at the tumor stage. Fourth, further research is needed to demonstrate a chemo-preventive response in female animals, as all but one study [84] examined the response in male animals. Despite these limitations, there is sufficient evidence to conclude that at least dry bean consumption probably decreases colorectal tumorigenesis in male animal models of human CRC.
Chemo-preventive compounds in grain legumes
To elucidate which fractions of grain legumes have chemo-preventive properties against colorectal tumorigenesis, we previously fractionated cooked navy beans using 60% ethanol [81] . Both the ethanol extract and the residue inhibited colorectal tumorigenesis in AOMinduced mice, indicating that both fractions contain chemo-preventive compounds. Several studies conducted by Loarca-Piňa's research group demonstrated that the non-digestible fraction of dry beans inhibits colon ACF formation in AOM-induced rats [85, 87] .
Grain legumes contain three major carbohydrate classes that inhibited colorectal ACF and tumor formation in animal CRC models: resistant starches (cooked grain legumes contain 0.6-4.2%), soluble fiber including the flatulence-inducing α-galacto-oligosaccharides stachyose, verbascose, and raffinose (cooked grain legumes contain 0-3%), and insoluble fiber (cooked grain legumes contain 15-23%); concentrations of those carbohydrate classes vary considerably based on processing methods [1, 2, 7, [93] [94] [95] [96] [97] . Resistant starches can be effective at 5-10% of the diet [7, [98] [99] [100] [101] [102] . Soluble fiber can inhibit ACF and tumor formation at 2.5-15% of the diet [103, 104] , and insoluble fiber can be effective at 5-15% of the diet [104] [105] [106] [107] .
Grain legumes contain lipid classes that inhibited colorectal ACF and tumor formation in animal models of CRC. Plant sterols (e.g., β-sitosterol, campesterol, and stigmasterol; 0.13-0.24% of grain legume dry weight) attenuate colorectal tumorigenesis in animal studies (gastric intubation of 10-20 mg β-sitosterol/kg body weight or 0.2% of diet) [108] [109] [110] [111] . Saponins (0.1-0.5% of grain legume dry weight) are glycolipids, which inhibit ACF formation at concentrations of 0.01-3% of the diets [112] [113] [114] [115] [116] ; the lower concentrations are relevant for human diets [117] . Processing can decrease saponin concentrations in grain legumes up to 40% [118] . Besides containing phytosterols and saponins, grain legumes are low in lipids and have a favorable fatty acid composition for chemo-prevention (i.e., low in saturated fatty acids and a low Ω3: Ω6 fatty acid ratio) [3, 119, 120] .
Grain legumes contain protein classes that inhibited colorectal ACF and tumor formation in animal models of CRC. Trypsin and chymotrypsin protease inhibitors of the Bowman-Birk family inhibit at dietary concentrations of 0.1-0.5% of the diet or 20 mg/kg of body weight for colorectal ACF and tumor formation [121] [122] [123] [124] [125] . Lectins (i.e., agglutinins; 0.1-3.5% of grain legume dry weight), which are glycoproteins that bind to epithelial cells, have been shown to inhibit cancer growth in animal tumor transplant studies and colon cancer cells [126] [127] [128] .
Grain legumes have significant α-amylase inhibitor activity, which may indirectly decrease CRC risk by increasing microbial butyrate production and decreasing blood glucose and insulin after starch consumption [129] . The importance of Bowman-Birk inhibitors, α-amylase inhibitors, and lectins is debatable because 80-90% is lost and denatured during soaking and cooking, respectively [7, 96, 117] .
The mineral and vitamin content of grain legumes may confer chemo-preventive effects against colorectal tumorigenesis. Grain legumes contain high concentrations of folate (83-174 μg/100 g of cooked legumes) and potassium (0.29-0.51% of cooked legumes) and low concentrations of sodium (<0.01% of cooked legumes) [7] . A high ratio of potassium to sodium has been reported to decrease CRC risk, and folate intake is established as a protective nutrient against CRC [130, 131] . Chemo-preventive compounds associated with minerals are phytates (0.1-1.9% of grain legume dry weight), the primary plant storage forms of phosphorus [117] . Processing decreases phytate content up to 50% [97, 132] . Phytates inhibit ACF formation at dietary concentrations of 0.02-2% [133] [134] [135] [136] ; the lower concentrations are relevant for human diets [137] .
Grain legumes are a good dietary source of phenolic compounds (1-10 mg gallic acid equivalents/g legume, which is ~0.1-1.0% of grain legume dry weight) [117, 118, 132, 138, 139] , many of which inhibited colorectal ACF and tumor formation in animal models of CRC. The three major phenolic groups with chemo-preventive properties are flavonoids (0-5 mg catechin equivalents/g legume), proanthocyanidins (i.e., condensed tannins; 0.2-12 mg catechin equivalents/g legume), and phenolic acids (0.02-0.1% of cooked legume dry weight) [118, 132, 138, 139] . Flavonols (i.e., kaempferol and quercetin), anthocyanidins, and flavan-3-ols are major flavonoid classes in grain legumes that have been demonstrated by us and others to inhibit colorectal tumor multiplicity at concentrations of 0.05-0.3% of the diet [140] [141] [142] [143] [144] . Proanthocyanidins can inhibit ACF formation at concentrations of 0.002-1% of the diet or by gavage [145] [146] [147] . Phenolic acids include ferulic acid (~0.003% of grain legume dry weight) that inhibited ACF formation at concentrations of 0.25-1% [148] [149] [150] and sinapic acid that inhibited ACF formation at concentrations of 20-80 mg/kg of body weight by gavage [151] . The concentrations of the phyto-estrogen group's isoflavonoids (0.005-0.095 mg/kg grain legume) and lignans (0.018-0.266 mg/kg grain legume) are relatively low in grain legumes [152] and, thus, probably contribute little to the chemo-preventive effect of grain legumes. Processing and cooking of grain legumes result in various losses of phenolic compounds, which decreased not only their antioxidant activities but also their antiproliferative properties against colon cancer cells [118, 132, 139] . Thus, food processing plays an important role for the chemo-preventive role of grain legumes [117, 127] .
There is sufficient evidence that grain legumes contain various compounds that can exert chemo-preventive effects against colorectal tumorigenesis in animal models of CRC at concentrations that are relevant for human diets. One has to consider that several of the aforementioned compounds are developed by plants as defense mechanisms against herbivores and are at sufficiently high concentrations to be toxic. It has to be noted that most of the aforementioned compounds do not show a consistent chemo-preventive effect in animal models of CRC; further investigation is necessary to elucidate factors, including food processing, that affect the response. Further studies are also warranted to examine whether the effect of the chemo-preventive compounds differs when they are consumed alone or in combination.
Molecular mechanisms by which grain legumes inhibit colorectal tumorigenesis
Given the complex mixture of chemo-preventive compounds in grain legumes, it comes to no surprise that grain legumes inhibit hallmarks of cancer [153, 154] at multiple stages of the colorectal tumorigenesis process. (A) Grain legumes can inhibit tumor induction (i.e., the transition from normal to initiated colorectal epithelial cells). First, grain legumes can alter the metabolism of carcinogens (i.e., increased degradation) and pre-carcinogens (i.e., decreased activation). This is accomplished directly by activating the expression of cytochrome P450 and UDP-glucuronosyltransferase (UGT) protein-encoding genes in the liver and indirectly by altering microbiome metabolism of carcinogens (e.g., decreased β-glucuronidase activity) in the colon [87, 155] . Second, grain legumes can act as antioxidants and induce genes involved in the detection and repair of mutated genes [156, 157] . Third, grain legumes may prevent the exposure of colorectal epithelial cells to carcinogens in food and bile by (a) binding carcinogens with non-digestible grain legume compounds [87, 158] and by (b) increasing mucin production of colorectal epithelial cells [159] . Fourth, grain legumes can decrease the colon pH [80] and promote the growth of probiotic bacteria [160] and thereby inhibit the growth of genotoxic bacteria [161, 162] .
(B) Grain legumes can inhibit tumor promotion and progression (i.e., the transformation from initiated to neoplastic colorectal epithelial cells). First, grain legumes can increase apoptosis through the mitochondrial-mediated and death receptor-mediated pathways in neoplastic colorectal epithelial cells [88, 156] and colon cancer cell lines [163] [164] [165] . Second, grain legumes can inhibit survival of neoplastic colorectal epithelial cells by attenuating the NF-kB pathway [163] [164] [165] . Third, grain legumes can decrease proliferation of neoplastic colorectal epithelial cells [156, 163] by inducing genes that promote cell cycle arrest in G1/S and G2/M phases through p53-mediated pathways [82, 156, 165] . Fourth, grain legumes can inhibit survival and proliferation of neoplastic cells by suppressing the Akt (protein kinase B)/mTOR (mammalian target of rapamycin) pathway and upregulating the AMPK pathway, as shown for mammary carcinomas [166, 167] . In addition, upregulation of the AMPK and p53 pathway and suppression of the Akt/mTOR pathway may limit the nutrient and energy supply for the rapidly growing cancer cells and thereby inhibit tumor growth and progression [168] [169] [170] . Fifth, grain legumes can inhibit survival and proliferation of neoplastic colorectal epithelial cells through increased butyrate production in the colon [80, 163, 171] .
(C) Grain legumes can inhibit tumor promotion and progression indirectly by limiting and/or resolving inflammation. Inflammation creates a tumor microenvironment that encourages neoplastic transformations and promotes survival and proliferation of neoplastic colorectal epithelial cells. We previously showed in the Polyp Prevention Trial that the chemo-preventive effect of grain legumes against CRA recurrence is linked to a decrease in serum interleukin (IL)-6 [172] . Moreover, we demonstrated in AOM-induced ob/ob mice that navy beans and their ethanol extract decreased concomitantly colorectal neoplasia and IL-6 in serum and colon mucosa [173] . In support, others demonstrated that grain legumes can attenuate the DSSinduced increase in serum cytokine concentrations [139, 159] . Multiple mechanisms are involved in the anti-inflammatory effect of grain legumes: first, grain legume fractions can act as antioxidants and inhibit NF-kB pathways and gene expression of COX-2 and tumor necrosis factor (TNF)-α [165, 174] ; second, grain legume consumption can increase mucin gene expression in the colon and thereby preserve epithelial integrity during inflammation [82, 159] ; third, grain legumes can promote microbial butyrate production in the colon, which has anti-inflammatory and antitumor effects [175] ; fourth, grain legumes can promote the growth of probiotic bacteria [160] and thereby inhibit the growth of inflammation-inducing bacteria [162, 176] .
There is sufficient evidence in human studies, animal models, and colon cancer cell lines for multiple molecular pathways/mechanisms by which grain legume consumption inhibits early stages of colorectal tumorigenesis (i.e., tumor induction, promotion, and progression). The main molecular mechanisms involved are preventing genotoxic hits, DNA repair, inhibiting survival and proliferation of neoplastic colorectal epithelial cells, preventing, limiting, and/or resolving inflammation, and limiting nutrient supply for neoplastic colorectal epithelial cells. Identification of grain legume response biomarkers (i.e., indicators that are linked to both grain legume consumption and inhibition of colorectal tumorigenesis such as IL-6) will be important to evaluate the efficacy of grain legumes in future long-term intervention studies in humans. Grain legume consumption alters the composition and metabolism of colon microbiota, cell cycle kinetics, and metabolism of colorectal epithelial cells, as well as host immune response and barrier function of the colon. Future studies are warranted to examine how grain legumes and their components alter the interplay between microbiota and host. Furthermore, more research is needed to understand the effect of grain legumes on the later stages of colorectal carcinogenesis (i.e., metastasis and invasion).
Conclusions
The objective of this chapter was to evaluate the evidence of a chemo-preventive role of grain legume consumption in colorectal tumorigenesis. Based on a literature review and metaanalyses, we conclude that there is limited evidence from case-control and cohort studies suggesting that daily grain legume consumption decreases CRC risk in humans. There is considerable preclinical evidence in animal models of CRC that supports a chemo-preventive effect of dry beans in male animal CRC models. There is sufficient evidence that grain legumes contain various compounds that can exert chemo-preventive effects against colorectal tumorigenesis in animal models of CRC. This is accomplished at concentrations that are relevant for human diets through multiple molecular pathways, which are critical for induction and clonal expansion of neoplastic colorectal epithelial cells. In summary, on the basis of the current evidence, daily grain legume consumption confers chemo-preventive effects against CRC. The next step is to conduct a long-term grain legume CRC prevention intervention study in humans to further elucidate the effects of daily grain legume consumption using grain legume exposure biomarkers to validate compliance and grain legume response biomarkers to monitor efficacy. 
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